Pro-survival signalling mediated by the androgen receptor (AR) is implicated as a key contributor to prostate carcinogenesis. As prostate tumours are characterized by nutrient-poor, hypoxic and acidified microenvironments, one mechanism whereby AR signalling may contribute to survival is by promoting adaptation to cellular stress. Here we have identified a novel role for AR in the inhibition of autophagy induced by serum withdrawal. This blockade is attributed to AR-mediated upregulation of the endoplasmic reticulum (ER) chaperone glucose-regulated protein 78/BiP (Grp78/BiP), and occurs independently of ER stress response pathway activation. Interestingly, AR activation did not affect serum starvation-induced mammalian target of rapamycin inhibition, illustrating that the adaptive role for androgens lies not in the ability to modulate nutrient sensing, but in the promotion of ER stability. Finally, we show that the adaptive advantage conferred by AR-mediated Grp78/BiP upregulation is temporary, as upon chronic serum starvation, AR activation delayed but did not suppress the onset of autophagy and cell death. This study reveals a novel mechanism whereby maintained AR signalling promotes temporary adaptation to cellular stress and in turn may contribute to the evasion of prostate tumour cell death.
Prostate cancer is a hormonally driven disease, dependent on endogenous androgens for its development. Androgen ablation is the most common form of therapeutic intervention for prostate cancer patients, resulting in widespread death of prostate epithelia. 1 Many studies have attempted to delineate the crosstalk between androgen receptor (AR) and antiapoptotic signalling pathways; [2] [3] [4] [5] [6] however, the contribution of AR towards macroautophagy (referred to hereafter as autophagy), a mechanism that can either promote cell survival or contribute to cell death, has only recently been appreciated. [7] [8] [9] [10] Autophagy is a homeostatic process whereby a cell engulfs damaged and long-lived proteins, organelles and cytoplasmic components into autophagosomes. Autophagosomal fusion with lysosomes permits the proteolytic degradation of its contents to generate small reusable biomolecules. [11] [12] [13] Autophagy is upregulated when cells are under stress, such as during nutrient starvation or hypoxiaconditions that are common in the poorly vascularized environment of a tumour -thus allowing for the replenishment of nutrients and energy or the clearance of cytotoxic compounds. In this context, autophagy can promote survival by allowing for temporary cellular adaptation to unfavourable conditions; however, upon chronic insult, this process can contribute towards cell death. [14] [15] [16] One stimulus that can promote autophagy is endoplasmic reticulum (ER) stress. Although numerous signalling effectors have been implicated in linking these two processes, the precise molecular mechanisms remain elusive. [17] [18] [19] [20] Inducers of ER stress such as nutrient starvation lead to the accumulation of unfolded proteins within the ER lumen. 21, 22 Like autophagy, the ER stress response is initiated to minimize cellular insult, in this case by halting global translation, thereby reducing the protein overload within the ER. 23 Three well-characterized pathways mediate ER stress signalling, collectively called the unfolded protein response (UPR). [22] [23] [24] The master regulator of the UPR is the ER-resident chaperone glucose-regulated protein 78/BiP (Grp78/BiP). The accumulation of unfolded proteins titrates Grp78/BiP from binding to the luminal tails of the ER transmembrane proteins PRK-like ER kinase (PERK), inositolrequiring transmembrane kinase/endonuclease (IRE-1) and activating transcription factor 6 (ATF6). This allows for autophosphorylation of PERK, which in turn phosphorylates and inhibits eukaryotic initiation factor 2a (eIF2a). This inhibition, while preventing global mRNA translation, permits the translation of specific cap-independent ER stress response genes, such as ATF4. 24 Secondly, Grp78/BiP dissociation results in the translocation of ATF6 to the Golgi, in which it is activated by proteolytic cleavage. 25 Finally, IRE-1 autophosphorylation promotes the splicing of X-box-binding protein-1 (XBP-1) mRNA to its short form, XBP-1s. 26 Taken together, the active transcription factors ATF6, XBP-1s and ATF4 regulate the expression of ER chaperones that enhance the folding capacity of the ER, including Grp78/BiP itself, as well as other stress genes such as CHOP and GADD34. 22, 23 Although the UPR is an adaptive response, chronic ER stress will eventuate in cell death. Furthermore, ER stress-induced autophagy has been shown to either necessitate or impede apoptosis in a context-dependent manner, highlighting the sensitive interplay between these two processes in the determination of cell fate. 18, 19, 27 Here, we have identified a novel role for androgens in the modulation of autophagy. Androgen treatment delayed the induction of serum starvation-induced autophagy by increasing the expression of Grp78/BiP, an effect that was negated by siRNA knockdown of this protein. Altered UPR signalling did not mediate AR inhibition of autophagy, suggesting that alternative signalling pathways downstream of Grp78/BiP may exist to modulate this key biological process. Critically, long-term androgen treatment significantly delayed both the onset of autophagy and cell death compared with cells serum-starved without androgens and this delay in cell death was blocked by Grp78/BiP knockdown. These results support a novel mechanism -modulation of autophagy by Grp78/BiP -by which AR signalling may promote adaptation to nutrient starvation and in turn evasion of cell death.
Results
Androgen treatment blocks serum starvation-induced autophagy. In order to model maintained AR activation in nutrient-poor conditions, we determined the effect of mibolerone, a non-metabolizable synthetic AR agonist, upon serum starvation-induced autophagy. 28 Stimulation of AR by its agonists is known to induce AR expression, whereas androgen ablation reduces receptor levels. 29, 30 In order to confirm activation of AR by mibolerone, LNCaP cells were cultured for 24 h in medium containing 10% fetal bovine serum (FBS), serum-free (SF) medium or serum-free medium supplemented with 10 ng/ml mibolerone, lysed and western blotted. Although serum starvation leads to the reduction of AR expression, mibolerone-treated cells exhibited protein levels of AR similar to that observed in cells maintained in FBS ( Figure 1a ). The expression of prostatespecific antigen (PSA), an androgen target gene, was also assessed as a marker of AR transcriptional activity. 1 Similarly, PSA expression was specifically induced by mibolerone, confirming activation of AR in the presence of this agonist (Figure 1a ).
To investigate the effect of mibolerone on serum starvationinduced autophagy, LNCaP cells were infected with an adenoviral plasmid encoding GFP-tagged LC3 and assessed by confocal microscopy. LC3 is a microtubule-associated protein that becomes lipidated and recruited to the autophagosomal membrane upon autophagy induction. 11, 13 To confirm proper recruitment of GFP-LC3, cells were treated for 6 h with bafilomycin A, an inhibitor of the lysosomal V-ATPase proton pump. This perturbation of lysosomal function blocks autophagosomal trafficking, resulting in the accumulation of autophagosomes. 31 Accordingly, bafilomycin-treated cells exhibit numerous GFP-LC3 punctae (Supplementary Figure S1 ).
In cells maintained in FBS, GFP-LC3 displayed a diffuse cytoplasmic localization, with few punctae, corresponding to the low basal levels of autophagy in these cells (Figure 1b ). Upon serum starvation for 24 h, numerous GFP-LC3 punctae were detected; however, this was not observed in cells maintained in SF þ mibolerone ( Figure 1b ). Quantification revealed that serum starvation significantly increased the number of punctae-positive cells, but the presence of mibolerone reduced this number to that comparable to basal levels ( Figure 1c ).
The absence of GFP-LC3 punctae in cells serum starved with mibolerone for 24 h can indicate an inhibition of autophagy induction. 31 To explore this possibility, the lipidation of endogenous LC3 was assessed by western blot, as lipid conjugation of this protein results in an electrophoretic mobility shift. 32 Cells were treated for 2 or 6 h in SF or SF þ mibolerone in the presence or absence of bafilomycin A, to allow for the accumulation of lipidated LC3, and lysed. In cells not treated with bafilomycin A, only basal levels of the lipidated (LC3-II) form could be detected, presumably owing to the high turnover of LC3-II by lysosomal degradation or delipidation 31 (Figure 1d ). However, in the presence of bafilomycin A, an increase in accumulated LC3-II was detected in cell lysates maintained in SF compared with those in SF þ mibolerone, shown to be significant by densitometric analysis (Figure 1d ). This result suggests that mibolerone impacts upon the flux of autophagosomes at the induction stage.
In order to confirm that mibolerone blocks autophagy induction in serum-starved cells, we wished to visualize the trafficking of autophagosomes from induction to lysosomal fusion. To do so, LNCaP cells were stably infected with a plasmid encoding LC3 that is dually labelled with mRFP and GFP. As GFP fluorescence is pH-sensitive, this signal is lost upon fusion with the acidic lysosomal compartment. mRFP fluorescence, however, is unaffected, and thus the colocalization of GFP þ and mRFP þ punctae acts as a marker for a (pre-fusion) autophagosome, whereas punctae positive for only mRFP signifies a (post-fusion) autolysosome. 33 To verify the expected localization of mRFP-GFP-LC3, cells were treated with bafilomycin A for 6 h, after which they showed almost complete colocalization of GFP and mRFP (Supplementary Figure S2 ).
In accordance with previous results (Figure 1b ), cells expressing mRFP-GFP-LC3 displayed a mainly diffuse localization when maintained for 24 h in FBS ( Figure 1e ). In contrast, serum starvation resulted in the formation of both mRFP þ / GFP þ and mRFP þ punctae, showing the maintained induction and trafficking of autophagosomes through to lysosomal fusion, and quantification of both puncta types revealed that this was a significant effect (Figure 1e and f). However in serumstarved cells supplemented with mibolerone, we observed numbers of both puncta types comparable to FBS (Figure 1e and f). These results, taken together with the analysis of LC3-II lipidation in Figure 1d , confirm that treatment with mibolerone blocks the induction of serum starvation-induced autophagy.
Androgen receptor activation blocks autophagy induction independently of mammalian target of rapamycin signalling. Mammalian target of rapamycin (mTOR) acts as a key sensor of growth factor activation, nutrient availability and energy status, and the inhibition of this protein induces autophagy. 34 The activation status of the mTOR signalling pathway in serum-starved cells was determined by western blotting for phosphorylated mTOR and its downstream effectors S6 kinase, ribosomal protein S6 and the translation factor binding protein 4E-BP1. As predicted, the phosphorylation of mTOR and its effectors were reduced after serum starvation compared with cells maintained in FBS (Figure 2a ). Densitometric analysis confirmed that this reduction was statistically significant (Figure 2b ). We hypothesized that the mechanism whereby mibolerone blocks autophagy induction could be by the re-activation of mTOR signalling in serum-starved cells. Interestingly, mibolerone supplementation did not increase phosphorylation of mTOR and its effectors compared with cells serum-starved alone (Figure 2a and b) . Similarly, the mTOR inhibitor rapamycin almost completely blocked phosphorylation of mTOR and its downstream effectors in serum-starved cells and the addition of mibolerone did not over-ride this inhibition (Figure 2a and b). These results suggest that mibolerone may act upon the autophagy pathway in a mechanism independent of mTOR.
To investigate directly the role of the mTOR pathway in autophagy, we treated cells with rapamycin to promote autophagy and then determined whether the addition of mibolerone could circumvent this effect. GFP-LC3-expressing cells were treated with FBS, SF or SF þ mibolerone with or without rapamycin. The addition of rapamycin, as anticipated, significantly induced autophagy in all conditions (Figure 2c and d). However, as observed with controls, serum starvation increased the number of cells that were positive for GFP-LC3 punctae above those maintained in FBS, but the presence of mibolerone blocked this enhancement (Figure 2c and d) . This is supported by the observation that endogenous LC3 lipidation, determined by western blot, was enhanced in rapamycin-treated cells maintained in serum-free medium compared with those in mibolerone, an effect that was pronounced in the presence of bafilomycin A (S3). Taken together, these results show that the mechanism by which mibolerone blocks autophagy induction is largely mTOR independent, as mibolerone attenuated rapamycin-induced autophagy without impacting upon activation of the mTOR pathway.
Effect of androgen receptor activation on serum starvation-induced ER stress. As mTOR activation could be excluded as the mechanism by which mibolerone inhibited autophagy, we next investigated whether a reduction in ER stress induced by serum withdrawal could underlie this blockade. Initially, protein and mRNA levels of the ER chaperone Grp78/BiP were assessed, as this protein has been implicated as a key mediator of ER stress-induced autophagy. 17 In serum-starved cells, Grp78/BiP protein levels remained unchanged despite significant increases in mRNA (Figure 3a and b). In contrast, both Grp78/BiP protein and mRNA were significantly upregulated in miboleronetreated cells (Figure 3a and b). This result raises the possibility that AR may indeed reduce the ER stress response by enhancing Grp78/BiP translation or protein stability and in turn stabilizing the ER. 17 To explore further, we investigated the effect of mibolerone on activation of the three UPR signalling pathways that lie downstream of Grp78/BiP. First, we examined the activation of the PERK-eIF2a-ATF4 axis. In serum-starved cells, eIF2a phosphorylation was markedly enhanced at 2 h and was maintained significantly above basal levels up to 24 h ( Figure 3c ). ATF4 could not be detected at the protein level, presumably owing to its short half-life 35 and no changes in mRNA were observed ( Figure 3d ). However, protein levels of CHOP, an ATF4 target gene, were upregulated by 24 h (Figure 3c ). Taken together, these results show the activation of the PERK-eIF2a-ATF4 axis upon serum starvation. In contrast, cells supplemented with mibolerone exhibited initial eIF2a phosphorylation; however, this was not maintained at 24 h (Figure 3c ). In accordance, ATF4 mRNA levels declined in these cells and CHOP protein expression was not induced. These results suggest that the presence of mibolerone attenuates activation of this pathway.
Next, the second arm of the UPR -ATF6 expression and cleavage -was investigated. Expression of the full-length 90-kDa protein was significantly increased by 24 h in cells serum starved with or without mibolerone, and similarly, comparable levels of the cleaved 50 kDa form were detected ( Figure 3e ). This shows that serum starvation-induced activation of ATF6 was not affected by mibolerone treatment. Finally, assessment of the third arm of the UPR, IRE-1mediated splicing of XBP-1 mRNA, revealed that this pathway is not activated by serum starvation in these cells (Figure 3f ).
Thus, while serum starvation activates both the PERK-eIF2a-ATF4 and ATF6 pathways, the presence of mibolerone prevents activation of the former and crucially leads to the marked upregulation of Grp78/BiP. Taken together, these results raise the possibility that AR inhibition of autophagy may be mediated by alterations to the ER stress response.
Knockdown of Grp78/BiP attenuates androgen-mediated inhibition of autophagy. As Grp78/BiP is a critical mediator of ER stability, we postulated that increases in its expression could underlie the suppression of autophagy by mibolerone. We addressed this by targeted knockdown of Grp78/BiP by siRNA. It has been reported that almost complete knockdown of Grp78/BiP results in spontaneous activation of the UPR and blocks stress-induced autophagy. 10, 36 We therefore aimed to use siRNA concentrations that would attenuate mibolerone-mediated protein upregulation, yet would not alter the basal level of autophagy. Cells stably expressing mRFP-GFP-LC3 were pre-treated with control or Grp78/BiP siRNA, and after 24 h post-transfection, they were serum starved with or without mibolerone. Significant knockdown of Grp78/BiP was obtained in FBS cells compared with corresponding siRNA control cells (Figure 4a and b) , and assessment of puncta formation confirmed that Grp78/BiP protein was decreased to a level that did not induce autophagy (Figure 4c ). Importantly, in Grp78/BiP siRNA-treated cells, the mibolerone-mediated upregulation of this protein was significantly reduced compared with SF þ mibolerone controls (Figure 4a and b) .
Next, the effect of Grp78/BiP knockdown on AR suppression of autophagy was determined. Cells treated with control siRNA exhibited serum starvation-induced autophagy that was blocked by mibolerone (Figure 4c and d) . After knockdown of Grp78/BiP, autophagy induced by serum starvation was comparable to that observed in control siRNA cells (Figure 4c and d) . However, mibolerone was unable to inhibit autophagy in Grp78/BiP knockdown cells and quantification of mRFP þ /GFP and mRFP þ punctae revealed that autophagosomes were induced and trafficked to lysosomes to a comparable extent as cells serum starved only (Figure 4c and d) . This shows that Grp78/BiP knockdown is sufficient to revert mibolerone-mediated inhibition of autophagy and confirms that the upregulation of this protein by androgens underlies autophagy modulation.
Androgen inhibition of autophagy is not mediated by eIF2a dephosphorylation. As we had observed attenuated signalling of the p-eIF2a-ATF4-CHOP pathway in miboleronetreated cells (Figure 3c and d) , we hypothesized that this may be a direct result of upregulated Grp78/BiP, thus preventing PERK dimerization and activation. To investigate further, we examined whether Grp78/BiP knockdown would abolish eIF2a dephosphorylation observed after mibolerone treatment. In FBS and SF cells, Grp78/BiP knockdown significantly increased p-eIF2a levels, as expected (Figure 4a and b) . However, surprisingly, we observed significantly reduced phosphorylation of eIF2a in mibolerone-treated cells compared with serum starvation only, even upon Grp78/BiP knockdown (Figure 4a and b) . This dephosphorylation could be owing to residual Grp78/BiP upregulation by mibolerone in knockdown cells or alternatively could represent a Grp78/BiPindependent mechanism of eIF2a modulation by AR. However, as autophagy was significantly induced by mibolerone in Grp78/BiP knockdown cells despite reduced eIF2a phosphorylation, this suggests that attenuated signalling of this UPR axis does not underlie AR-mediated autophagy regulation.
In order to investigate specifically the role of eIF2a phosphorylation in autophagy inhibition by androgen, we co-treated cells with 50 mM salubrinal, an inhibitor of the CReP/GADD34/PP1 complex responsible for eIF2a dephosphorylation. 37 Treatment with salubrinal significantly increased p-eIF2a levels in all groups, whereas control cells exhibited a serum starvation-induced activation only ( Figure  5a and b) . Importantly, salubrinal treatment did not impinge upon mibolerone-mediated Grp78/BiP upregulation, allowing for an independent assessment of the effects of eIF2a manipulation (Figure 5a and b) .
Interestingly, salubrinal treatment induced autophagy in all groups, as evidenced by a significant increase in the number of GFP-LC3 puncta-positive cells compared with control ( Figure 5c and d) . However, although the basal level of autophagy was enhanced with salubrinal, we observed that serum starvation further increased the number of positive cells and that this effect was absent in the presence of mibolerone (Figure 5c and d) . Thus, maintained eIF2a phosphorylation is insufficient to block autophagy inhibition by mibolerone.
Taken together, these results suggest that while AR activation may modulate phosphorylation of eIF2a and the subsequent activation of its effectors (Figure 3c and d) , this pathway is not involved in AR-mediated inhibition of autophagy.
Chronic serum starvation in the presence of androgen delays, but does not suppress autophagy induction. As it had been established that mibolerone could block serum starvation-induced autophagy up to 24 h, we investigated whether this effect was maintained upon chronic serum starvation. This was assessed by the quantification of mRFP þ /GFP þ and mRFP þ punctae in mRFP-GFP-LC3expressing cells up to 96 h of serum starvation with or without mibolerone (Figure 6a-c) . Interestingly, in serum-starved cells, the average number of punctae increased marginally over time, suggesting that the rate of autophagosomal induction and turnover increases slowly and stably. In contrast, cells serum starved in the presence of mibolerone exhibited a rapid increase in the rate of autophagy induction and trafficking, with significant increases in both mRFP þ /GFP and mRFP þ punctae observed between each time point up to 72 h (Figure 6a-c) . In addition, endogenous LC3 levels and lipidation were upregulated in both conditions over 96 h (Figure 6d ). This result shows that the inhibition of autophagy by mibolerone at 24 h represents a delay in the onset, rather than an absolute suppression, of this process, and by 96 h, these cells exhibit comparable autophagic activity as cells serum starved alone.
To confirm that the onset of autophagy in miboleronetreated cells was not owing to reduction in the efficacy of this non-metabolizable drug, the levels of AR and PSA were investigated by western blot (Figure 6d ). AR and PSA expression were comparable to levels observed in FBS cells and were markedly greater than those of cells serum starved alone. Thus, a reduction in drug efficacy was excluded as an explanation for autophagy induction.
As it had been established that knockdown of Grp78/BiP was sufficient to permit autophagy in mibolerone-treated cells, we reasoned that changes in the expression of this protein may underlie the onset of autophagy observed at later time points. Indeed, Grp78/BiP levels declined over time and were comparable to those seen in SF cells by 72 h (Figure 6d ). This correlates with the induction and upregulation of autophagy in mibolerone-treated cells (Figure 6a-c) , supporting the hypothesis that autophagy modulation by mibolerone is mediated by Grp78/BiP.
Grp78/BiP knockdown blocks androgen-mediated delay in cell death. In order to determine the consequence of long-term serum starvation, cells were maintained as in Figure 6a and subjected to cell death analysis by propidium iodide (PI) positivity. Although serum starvation did not initially induce cell death, by 72 h these cells exhibited a significant increase in the percentage of PI-positive cells compared with basal levels, an effect not observed in mibolerone-treated cells (Figure 7a ). However, by 96 h, the amount of cell death seen in both conditions was comparable (Figure 7a ). This shows that chronic serum starvation induces cell death and this induction is delayed, but not suppressed, by mibolerone.
As we had established that Grp78/BiP mediated autophagy inhibition in mibolerone-treated cells (Figure 4c and d) , we considered whether this protein also mediated the delay in cell death. We investigated death at 72 h, as at this time point a significant difference was observed between cells serum starved with or without mibolerone (Figure 7a ). As expected, assessment of PI positivity in control siRNA cells showed that serum starvation-induced death was decreased by mibolerone. However, Grp78/BiP knockdown abrogated this inhibitory effect of AR activation (Figure 7b ). This result shows that the delay in cell death induced by mibolerone is mediated by the initial upregulation of Grp78/BiP. Taken together, these findings highlight that this chaperone protein is essential for affecting two critical biological processes -autophagy and survival -downstream of the activated AR.
Discussion
In this study, we have established that AR activation abolishes autophagy induced by acute serum starvation. We report the novel finding that in this context, androgen treatment does not inhibit autophagy by initiating mTOR signalling, but rather acts via upregulation of Grp78/BiP, a key mediator of ER stability. Crucially, we show that the adaptation to serum starvation by androgens is temporary, as upon prolonged serum withdrawal androgen-treated cells exhibit a delay, rather than a suppression, of both autophagy and cell death, events which correlate with a reduction in Grp78/BiP protein levels. Finally, knockdown of this protein from the onset of serum starvation abrogates the survival advantage provided by androgen supplementation, establishing a definitive role for Grp78/BiP as a key effector of AR signalling. Oligonucleotide arrays and proteomic analysis of androgen-treated prostate cancer cells have revealed the regulation of several ER chaperones and resident proteins, including Grp78/BiP. [38] [39] [40] [41] [42] [43] [44] Immunohistochemical studies of human prostate cancer samples show that increased expression of Grp78/BiP is associated with aggressive forms of the disease and prostate-specific knockout of this protein blocks tumorigenesis in a PTEN-null mouse model, suggesting a key role for Grp78/BiP in prostate cancer development. [45] [46] [47] However, a direct functional relationship between AR and Grp78/BiP had not been investigated, and despite the mounting evidence of a role for androgens in the regulation of the ER, this is the first report that describes an effect on UPR signalling.
Interestingly, of the two proximal UPR pathways activated by serum starvation, only PERK-eIF2a-ATF4 activation was diminished by androgen, whereas ATF6 cleavage was unaffected. The mechanisms underlying this difference are unclear; however, our evidence suggests that the inhibitory effect of androgen on the PERK-eIF2a-ATF4 pathway may occur independently of Grp78/BiP upregulation (Figure 4a and b). This raises the possibility that an additional level of input into this pathway by AR may exist, for example, by changing the expression profile of proteins that reside outside the ER lumen, which regulate PERK or eIF2a. However, it is clear from our results that modulation of this pathway is not necessary for AR to exert its inhibitory effects on autophagy induction, in contrast to that of its upstream regulator, Grp78/BiP. This highlights a critical question with regard to the role of Grp78/BiP upregulation. If this increase in protein expression does not act to suppress UPR signalling, then by what mechanism does it regulate autophagy? Several reports have identified Grp78/BiP localization on the plasma membrane or cytosol, suggesting multiple roles beyond ER stability and UPR modulation. [48] [49] [50] Further experiments are currently underway to elucidate potential signalling mechanisms by which this protein may feed into the autophagy pathway.
The observation that androgen inhibited autophagy via Grp78/BiP upregulation, rather than by activation of mTOR signalling, is a novel finding given that previous reports have shown AR activation can positively affect this key signalling node. 10, 51 It appears, however, that the influence of AR upon mTOR activity is dependent on the energy and nutrient status of the cell. For example, DHT stimulation led to the activation of mTOR signalling in LNCaP cells maintained in medium with steroid-depleted serum. 51 In serum-starved conditions, protein synthesis is blocked, evidenced in our model by the reduction in mTOR signalling and phosphorylation of eIF2a, thus inhibiting ribosomal biogenesis and translation initiation. 52 That the AR target genes PSA and AR itself are expressed throughout mibolerone treatment illustrates the ability of AR to drive protein synthesis of specific genes even in nutrient-poor conditions, and our results suggest that this may occur by attenuating translational inhibition through the modulation of eIF2a phosphorylation, rather than by reactivating mTOR. Similarly, we observe that mibolerone reduces rapamycin-induced autophagy while not influencing mTOR activation, highlighting that the opposing effects on autophagy driven by these two compounds are mediated by different mechanisms. This observation is supported by Wang et al., 53 who investigated the apoptotic effects of rapamycin and the AR antagonist bicalutamide and revealed that mTOR and AR impact upon survival by parallel, not overlapping, pathways. Taken together, we have clearly shown that AR activation can exert mTOR-independent cellular effects.
One consequence of adaptation to starvation-induced stress by androgens was to inhibit autophagy; however, this adaptation only provided temporary respite. Autophagy is a catabolic process, whereas androgens directly promote several well-characterized anabolic pathways, such as lipogenesis and enhanced glucose utilization. 54, 55 In our model, the net effect of these two opposing stimuli -serum starvation and AR activation -was a delay in autophagy induction. Given that the outcome of AR signalling is anabolic, the initial increase in Grp78/BiP levels may reflect adaptation to increased protein synthesis to avoid ER overloading. However, upon chronic serum starvation, we observed both a reduction in Grp78/BiP levels and an increase in cell death. The switch between stress adaptation and death appears to lie in the selective stability of pro-survival mRNA and proteins (i.e. Grp78/BiP and other ER chaperones) compared with those that promote apoptosis (i.e. CHOP). 21, 22, 35 This is reiterated in our model as preventing androgen-mediated upregulation of Grp78/BiP from the onset of serum starvation with siRNA negated any survival advantage of androgen supplementation.
These results have critical implications with regard to the mechanisms by which AR signalling contributes to the evasion of cell death in vivo. Extrapolation of our results to model the nutrient-poor tumour microenvironment suggests that maintained AR signalling, be it via local or systemic androgen production, mutation, cross-talk or by other mechanisms, promotes acute adaptation to nutrient starvation, thus providing an initial survival advantage. 1, 56 We can attribute this to AR-stimulated upregulation of Grp78/BiP, providing a novel mechanistic hypothesis for the observed correlation of high protein levels with aggressive forms of the disease. According to our results, maintained AR signalling will not overcome the deleterious effects of chronic starvation, arguing for the requirement for multiple genetic changes to promote androgen-independent prostate cancer. However, our results highlight a novel mechanism whereby AR may contribute to the progression to this phenotype by allowing for temporary adaptation to cellular stress.
Materials and Methods
Cell culture protocols, transfections and reagents. The human prostate cancer cell line LNCaP was obtained by American Type Culture Collection (ATCC). Cells were maintained in RPMI 1640 (Gibco, Invitrogen, Paisley, UK) supplemented with 10% FBS (Harlan, Indianapolis, IN, USA) and 2 mM L-glutamine (Gibco) at 371C and 5% CO 2 . For serum starvation experiments, cells were washed twice in PBS, and then maintained in phenol red-free RPMI 1640 supplemented with 2 mM L-glutamine. For GFP-LC3 expression, subconfluent LNCaP cells were infected with an adenoviral vector encoding GFP-LC3 fusion, a kind gift of Aviva Tolkovsky (University of Cambridge, Cambridge, UK). At 24 h post-infection, cells were washed with fresh medium before treatment. For construction of the pWZL-mRFP-GFP-LC3 expression vector, mRFP-GFP-LC3 fragment 33 was isolated by Nhee1-Sal1 digest and inserted into SnaB1/Sal1-digested pWZL-HYGRO plasmid. For the establishment of stable cell lines, subconfluent cells were harvested and subjected to nucleofection with Nucleofector Kit R (Lonza, Basel, Switzerland), according to the manufacturer's instructions. Cells were selected according to hygromycin B resistance (100 mg/ml). Thapsigargin, bafilomycin A, rapamycin, hygromycin and PI were all purchased from Sigma (St Louis, MO, USA); mibolerone from PerkinElmer (Boston, MA, USA); and salubrinal from Tocris (Ellisville, MI, USA).
Western blotting. Cells were washed in ice-cold PBS before lysis with 2 Â Laemmli buffer containing 10% b-mercaptoethanol. Lysates were boiled for 10 min at 951C, proteins were separated using 15% or 4-12% SDS-PAGE (Invitrogen) and transferred to polyvinylidene difluoride (Immobilon-P, Millipore, Bedford, MA, USA). Membranes were blocked in 5% skim milk powder/TBS-Tween-20 and incubated in primary antibody overnight at 41C. After washing, membranes were incubated in secondary antibody for 1 h at room temperature and visualized with chemiluminescence detection (GE Healthcare, Buckinghamshire, UK) on autoradiographic film (Fuji, Bedfordshire, UK). Densitometric analysis was performed on scanned autoradiographs using the Image J software (version 1.40g). Primary antibodies used in this study were purchased from Sigma (actin, clone AC-40; GAPDH-peroxidase, clone GAPDH-71.1); Cell Signalling Technology, Danvers, MA, USA (CHOP, clone L63F7; phospho-mTOR (S2448); phospho-eIF2a (S51), clone 119A11; phospho-4EBP1 (S65), clone 174A9; phospho-p70 S6 kinase (T421/S424); phospho-PERK (T980), clone 16F8; Grp78/BiP, clone C50B12; phospho-S6 (S235/6), clone 2F9; p70 S6 kinase; mTOR; S6); Imgenex, San Diego, CA, USA (ATF6); Novus, Littleton, CO, USA (LC3); and Santa Cruz (AR; PSA, clone C-19). Secondary antibodies used were anti-mouse, anti-rabbit and anti-sheep IgG-HRP conjugate from Cell Signalling Technology.
siRNA. siRNA oliogonucleotides used in this study were purchased from Thermo Scientific, Waltham, MA, USA. For siRNA uptake, cells were nucleofected using Nucleofector Kit R (Lonza) according to the manufacturer's instructions. At 24 h post-nucleofection, the medium was changed to treatment conditions for the indicated time.
